Purified phaseolotoxin inhibits the growth of carrot cells. Such inhibitions can be reversed completely by citrufline but not by arginine. This toxin inhibits ornithine transcarbamylase activity in vitro, which leads to an accumulation of ornithine and a decrease in argnine levels intracellularly. In carrot cells, 5-fluorouracil (5-FU) toxicity can be reduced by the addition of purified toxin and citrulline, or ornithine. The toxin also decreases the incorporation of I'4Cluracil and '4C15-FU into trichloroacetic acid precipitable material by 50%. Finally, a 5-FU-resistant line, F5 (Sung ZR, Jacques S 1980 Planta 148: 389-396), was found to be more sensitive to the toxin than were 5-FU-sensitive cells. One millimolar 5-FU roughly doubled the ability of F5 to tolerate phaseolotoxin. These results demonstrate a close regulation between the pyrimidine and arginine pathways in carrots.
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toxin, N8-(phosphosulfamyl)ornithylalanylhomoarginine (12) , which inhibits OTC (18) . Blockage of citrulline synthesis by phaseolotoxin may cause ornithine accumulation in carrots, as has been shown in bean (17) . Ornithine is shown to increase in vitro CPS enzyme activity and to alleviate in vitro uridine monophosphate inhibition of CPS in Phaseolus aureus (16) . The inhibition of OTC for citrulline synthesis, and the accumulation of ornithine, may allow more pyrimidine synthesis and, hence, increase resistance to 5-FU toxicity.
Here, we use two inhibitors, one in each of the pyrimidine and arginine pathways, in studying the regulation of their biosynthesis. Purified phaseolotoxin is used to confirm previous results of culture filtrate's effect in reversing 5-FU toxicity on carrot culture. The 5-FU-resistant carrot variant F5 is used to study the effect of 5-FU in counteracting phaseolotoxin toxicity on carrots. We also compare the effect of phaseolotoxin on the growth of F5 and a 5-FU-sensitive carrot line, WOO IC.
The pyrimidine and arginine biosynthetic pathways interact via their common precursor CP2 [see review by O'Donovan and Neuhard (14)1. In plants, the utilization of CP for pyrimidine nucleotide biosynthesis follows the orotic acid pathway (10) , which begins with the conversion of CP and aspartate to carbamyl aspartate by aspartate transcarbamylase. OTC, on the other hand, converts ornithine and CP to citrulline, which eventually leads to arginine synthesis. The concentration of CP must be carefully regulated to produce adequate amounts of both pyrimidine and arginine, and a disturbance in one pathway may affect the synthesis of the other metabolite. In mammals, lesions in OTC result in overproduction and excretion of orotic acid (5) .
Metabolite analogs and enzyme inhibitors that interfere with a biosynthetic pathway or inhibit a specific enzyme are useful in studying metabolic consequences in related pathways. Hoogenraad et al. (7) showed that N-(phosphonacetyl)-L-ornithine, an inhibitor of OTC, not only inhibited the conversion of CP to citrulline, but also stimuilated the synthesis of orotate and uridine nucleotides in rat liver. We have shown that a carrot-tissue culture grown in the culture filtrate of Pseudomonas syringae pv. phaseolicola had increased resistance towards the pyrimidine analog 5-FU (8) . An MATERIALS AND METHODS Growth Conditions. The plant material and culture conditions -have been described previously (23) . Briefly, a diploid tissue culture of wild carrot, Daucus carota L., was maintained in Linsmeir and Skoog medium (9), supplemented with 0.1 mg/l 2,4-D (R1 medium). The sidearm-turbidity method was employed to measure cell culture growth (23) . The number of cells at any point of the growth stage was estimated from the turbidity expressed in arbitrary units measured by a Klett-Summerson spectrophotometer. For example, Klett 100 corresponded to approximately 2 x 10 cells/ml.
Cell lines resistant to 5-FU have been isolated from a normal wild carrot line, WOO IC (24) . It is capable of growing on medium containing I mm 5-FU, whereas growth of WOO1C is inhibited at 0.4 mm 5-FU. The characteristics of the F5 are described in Sung and Jacques (25) .
Preparation of Phaseolotoxin. Phaseolotoxin was prepared from culture filtrates of P. syringae pv. phaseolicola grown for 4 days at 18 C according to the method of Mitchell (12) . After quaternary aminoethyl (QAE)-Sephadex (Pharmacia, Piscataway, NJ) and Sephadex LH-20 (Pharmacia, Piscataway, NJ), column separation, and TLC-electrophoresis examination, only fractions containing phaseolotoxin as the major ninhydrin-reactive spot and 2-serine phaseolotoxin as a minor spot were pooled as the purified phaseolotoxin preparation. Its activity was assayed by the quantitative Escherichia coli inhibition test (21) . Although compounds with structures other than phaseolotoxin have been proposed to inhibit OTC and cause chlorosis (19) , the active toxin in the purified extract used in these experiments has been shown to be phaseolotoxin (22 ['4CJcarbamyl phosphate (New England Nuclear) at a specific radioactivity of 13.3 mCi/mmol, and various concentrations of purified phaseolotoxin. After a 5-min incubation at 30 C, the reaction was terminated by the addition of 50 ,l 500 (w/v) trichloroacetic acid, the reaction tubes being placed in boiling water for 3 min. This allowed unreacted [14C]carbamyl phosphate to degrade into ['4C]HCO3-. Dry ice then was added, and the tube was vortexed and again placed in boiling water. This procedure was carried out three times. The acid conditions allowed the unreacted ['4CJHCO3-to escape as CO2 gas, an escape facilitated by the dry ice sublimation. The reaction mixture then was placed into a 4-ml scintillation cocktail and radioactivity counted in a Packard liquid scintillation spectrometer (Packard Instrument Co., Inc., Downers Grove, IL). Protein content was determined according to the method of Bradford (2) 
RESULTS
Effect of Pbaseolotoxin on Growth of Carrot Culture. Preliminary results showed that the culture filtrate of P. syringae pv. phaseolicola inhibited the growth ofcarrot culture, whereas culture medium from an isogenic strain incapable of producing phaseolotoxin did not inhibit carrot growth (8) . This result is confirmed with purified phaseolotoxin. Figure I shows the growth responses of WOOIC and F5 to purified phaseolotoxin. Although phaseolotoxin inhibits growth of both cell lines, the 5-FU-resistant line F5 is more sensitive to it than the 5-FU-sensitive line WOOIC. At Effect of Phaseolotoxin on Endogenous Concentration of Amino Acids. In bean, phaseolotoxin blocks OTC, causing ornithine levels to rise and arginine levels to decrease (17) . In carrot cultures, we found that phaseolotoxin elevated the intracellular level of ornithine from 1.2 to 47.2 nmol/107 cells in WOOIC (Table I) .
Although 3 nmol ornithine was found in culture filtrate of 10' cells treated with phaseolotoxin, no ornithine was detected in the medium of the control culture. In total, there is a 43-fold increase in ornithine in the phaseolotoxin-treated culture.
Following uptake, phaseolotoxin was broken down in bean leaves as a result of successive hydrolytic cleavage of homoarginine, alanine, ornithine, and Pi from the sulfamate (13 the 0.1 nmol omithine released from the 50 jig phaseolotoxin cannot account for the 43-fold difference found in our experiment. Although growth was inhibited by the treatment (4 days in 50 ,ug phaseolotoxin/3 x 106 cells), the arginine level in the cells was not depleted but only decreased to about 50% of the original concentration. Cells treated with 5 mm citrulline and 50 ug phaseolotoxin accumulated both ornithine and arginine. Apparently, carrot cells metabolize citrulline immediately; little citrulline (less than I nmol/lO' cells) is detected in the cell extract even when cells are grown in the presence of 5 mm citrulline. The addition of arginine to culture medium alone caused an increase in arginine but no effect on ornithine level.
Reversal of Phaseolotoxin Inhibition in WOOIC and F5. The addition of I to 5 mM citruiline to WOOIC (Fig. 3) or F5 (data not shown) cultures completely alleviated the growth inhibition by phaseolotoxin (50 ng/ml to 500 ng/ml). Arginine, however, did not reverse the toxicity; it actually increased the effect of phaseolotoxin. Figure 3 also shows that WOOIC cells grown in 0.4 and I mM arginine are more sensitive to phaseolotoxin than those grown in the absence of arginine. Fifty ng/ml phaseolotoxin and 0.4 mM arginine is 10 times more toxic than phaseolotoxin alone. The arginine effect begins at 0.2 mm (data not shown); I mm arginine caused a complete growth inhibition at 25 ng/ml phaseolotoxin. One mm arginine alone is slightly toxic to cells. In plants, it is reported that arginine inhibits the synthesis of ornithine by feedback inhibition of acetylglutamate kinase (I 1), which may result in a starvation of ornithine for the synthesis of other metabolites, like putrescine, or polyamine. However, we found that the addition of 1, 2, or 4 mM omithine to the growth medium could not reverse the growth inhibition of arginine nor could it reduce the growth inhibition of phaseolotoxin on carrot cells in the presence of arginine. Intracellular levels of ornithine tripled in cells grown in 1 mm arginine (Table I ). These results indicate that the failure of arginine to reverse growth inhibition by phaseolotoxin is not simply due to decreased ornithine synthesis for other metabolites. (Fig. 4) . Uridine, uracil, ornithine, or orotate had no effect cleic Acids. The presence of 5 ,ug/ml phaseolotoxin and 1 mm citrulline in the incubation media resulted in a 47% decrease in the in vivo rate of incorporation of 1 mm [14Cluracil into the trichloroacetic acid precipitable fraction (Fig. 6) . The decrease in the incorporation of exogenous uracil can possibly be a result of increased de novo pyrimidine biosynthesis which competes with the exogenously supplied ['4C]uracil for nucleic acid synthesis.
The I"4Cluracil quickly saturated the trichloroacetic acid-soluble pool (about 1 iAmol/109 cells), indicating that the 47% decrease in rate of incorporation was an intracellular process, not simply an effect on uptake. The normal uptake also indicates that the cells remain healthy in the short period of exposure to phaseolotoxin.
The results of a similar experiment using 0.6 mm ['4CJ5-FU, without citrulline, indicated a 61% decrease in incorporation in the presence of phaseolotoxin (data not shown).
DISCUSSION
The results shown here demonstrate a reciprocal regulation of arginine and pyrimidine biosynthesis in carrots. Relevant to this reciprocal regulation is the number and the subcellular location of the enzyme CPS. Although a CPS specific for arginine and a CPS specific for UMP synthesis have been found in Neurospora (3), only one CPS, located in the cytosol, was found in mung bean (16) and in pea (15) . This suggests that the same CPS is producing CP for both arginine and UMP synthesis. They also found that UMP inhibits the CPS in mung bean and pea seedlings, and such inhibition can be reversed by ornithine stimulation of CPS. Using 5-FU resistance as a means of measuring the amount of CP available for pyrimidine synthesis in carrot culture, we found more CP flows to the pyrimidine pathway when OTC is blocked by phaseolotoxin. On the other hand, 5-FU-resistant carrot cells can tolerate higher levels of phaseolotoxin when grown in the presence of 5-FU, presumably by channeling more CP into arginine synthesis. This reciprocal interaction between the arginine and pyrimidine biosynthesis is easily explained by a single CPS.
The cellular location of CPS and OTC in carrot cells has not been determined. In soybean cell cultures, CPS and OTC are reported to be localized in a plastid, rather than in mitochondria as for animals and Neurospora (20) . The results of the in vitro assays showed that OTC in WOOIC and F5 cell lines is equally sensitive to phaseolotoxin. Yet, in vivo growth experiments showed F5 is 16 times more sensitive than WOOC to phaseolotoxin. This suggests that, in F5, the access of CP to OTC is decreased, so CP is less able to compete with phaseolotoxin for its binding sites on OTC. Whether or not CPS and OTC are localized in the same organelle of carrot is not resolved; however, our results suggest a compartmental barrier separates CPS and OTC, at least in F5.
The failure of exogenous arginine to reverse phaseolotoxin inhibition in carrot culture is unexpected because the arginosuccinate synthetase and arginosuccinate lyase activities appear to be closely associated with the cytosol in soybean culture (20) . Although chlorosis caused by phaseolotoxin in bean leaves can be reversed by arginine (18) , reversal of growth inhibition by arginine in bean callus was not tested (1) . Since leaf cells have ceased to divide, and cultured carrot cells are not green, one wonders if the same mechanism is responsible for both chlorosis and growth inhibition caused by phaseolotoxin. Inasmuch as we have insufficient knowledge of the regulation of amino acid uptake in different tissues, we suggest that the exogenously supplied metabolites may behave differently from the endogenous amino acids.
Although phaseolotoxin was found to inhibit OTC in vitro (Fig.  2) , arginine level was not depleted. In the presence of phaseolotoxin, our carrot cultures' arginine levels decrease to 58% of the original concentration. In chlorotic bean leaves (caused by P. syringae pv. phaseolicola infection), again the arginine levels have been reported to be only one-half normal levels (17) . If growth inhibition in carrot culture is caused by arginine starvation, it suggests that the arginine (46 nmol) remaining in the 107 cells (Table I) is localized so that it is not available for protein synthesis. Such a storage compartment has been described in Neurospora (4) . If the remaining arginine is present in the cytosol, growth inhibition apparently is not caused by arginine starvation. Other possibilities responsible for growth inhibition by phaseolotoxin are ornithine starvation, pyrimidine starvation, citrulline starvation, or pyrimidine and arginine starvation. The possibility of ornithine starvation is eliminated because ornithine cannot reverse the growth inhibition caused by phaseolotoxin. Simultaneous presence of pyrimidine and arginine does not reverse phaseolotoxin inhibition (unpublished data). It is difficult to conclude whether pyrimidine starvation alone is the cause because only 5-FU, but not other pyrimidine metabolites, reverse the growth inhibition. The simplest explanation for the fact that citrulline, but not arginine, can reverse phaseolotoxin effect is that citrulline starvation is responsible for growth inhibition in carrots. The simultaneous presence of both arginine and phaseolotoxin reduces the citrulline concentration to less than minimal; thus, arginine TCA soluble TCA precipitable 20 PYRIMIDINE AND ARC enhances the effect of phaseolotoxin. Although a conclusion based on citrulline starvation being the mechanism for phaseolotoxin inhibition is tempting, no biochemical function other than being the precursor of arginine is known for citrulline. The possibility of metabolite and enzyme compartmentation further complicates the picture of both the regulation and interaction of different biochemical pathways. The paradox of arginine's inability to reverse phaseolotoxin inhibition can be better clarified by studying its effect on the regulation and interaction of related enzymes.
